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THE ANALYSIS OF SULPHUR FORMS IN COAL. 


By Aurrep R. Powe tt. 


INTRODUCTION. 


Methods for the analysis of total sulphur in coal have been in use 
for many years and at the present time are so numerous that it would 
be folly to attempt to describe all of them. AJl depend on the general 
principle of complete oxidation of the coal, followed by estimation 
of the sulphates produced by this process. From a technical stand- 
point a total sulphur determination is useful as indicating one of the 
factors which fix the value of particular coals for use under steam 
boilers, for general heating, and for the manufacture of coke and 
gas. 

For certain purposes, however, it is desirable to know not only the 
total sulphur content, but also how the sulphur is combined in the 
coal and the exact amount of each form present. Data of this kind 
would be useful in indicating how much of the sulphur-containing 
material can be removed from the coal by washing processes, what 
effect the sulphur has on the heating value of the coal, how the 
various sulphur forms behave during the coking and gas-making 
processes, and other facts of interest to coal technologists. 

The main purpose of this investigation, undertaken by the Bureau 
of Mines, however, was to try out further the method of Powell and 
Parr for the analysis of sulphur forms in coal (described on p. 5), 
to determine its applicability to a variety of coals, and to introduce, 
if necessary, certain refinements of analysis. Preceding experiments 
had been chiefly with Tlinois coals, so it was important to ascertain 
just how the method would apply to coals from other districts. 
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to E. A. Holbrook, who was the pioneer in stressing the importance 
of the problem of coal sulphur in its economic relation to the Nation. 


HISTORICAL REVIEW. 


Iron pyrites has been known as one of the constituents of coal 
for a great many years and investigators have had fairly good 
evidence that sulphur in organic combination also existed in coal. 
The first method proposed for the analysis of these two forms utilized 
sodium hypobromite.?- The supposition was that the hypobromite 
dissolved the pyrites and sulphates without affecting the organic 
sulphur, but no proof was advanced to show that this was correct. 

The action of bromine on coal sulphur was investigated and the 
conclusion reached that there was no selective solution of pyrites, but 
that some of the organic sulphur was taken into solution.* This 
was shown by variations in the iron-sulphur ratio of the extract from 
that corresponding to FeS,. 

A method depending on certain assumptions regarding coal 
sulphur has been used in recent years. The total iron in the coal 
minus any water soluble iron that may be present is considered to 
be iron combined as pyrites. From this is calculated the sulphur 
existing as pyrites. Any sulphur present as sulphate may be de- 
termined by a simple extraction with dilute acid; then the pyritic 
sulphur plus the sulphate sulphur when subtracted from the total 
sulphur gives the sulphur organically combined, provided no other 
form of sulphur exists in the coal. This method is faulty in that it 
disregards the presence of iron silicate and that the whole procedure 
is based on unproven assumptions regarding combinations of sulphur 
in the coal. 

A method somewhat more satisfactory than the foregoing was 
devised by the Bureau of Mines in 1914, the work being done under 
the direction of A. C, Fieldner and F. D. Osgood. A large number 
of analyses were subsequently run on coals from various parts of the 
country in order to get an idea as to the organic sulphur content of 
coals from different districts. 

In this process the coal is crushed to pass a 10-mesh screen and 
then sifted over a 60-mesh screen. The fine material is discarded and 
that remaining on the 60-mesh screen used for the analysis. This 
material is treated with a zinc chloride solution of 1.35 specific grav- 
ity, so that the heavy ash-containing material could sink. The coal 
substance remaining at the top of the solution contains only a few 
tenths of 1 per cent of iron, the remainder being carried down in the 
ash. This lighter fraction of the coal is then washed with dilute 


2 Drown, T. M., The determination of sulphur in sulphides and in coal and coke: Chem. 
News, vol. 48, 1881, p. 89. 

8Tischer, Ferd., Ueber Lagerungsverluste und Selbstentzundung von Steinkohlen: 
Ztschr. angew. Chem.,, Bd. 12, 1899, p. 764. 
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.acid to remove sulphates or soluble iron compounds and the iron con- 
sidered to be combined as pyrites. From this the sulphur combined 
as pyrites can be figured and the difference between it and the total 
sulphur in the coal fraction is taken as the organic sulphur. 

This method is only fairly accurate for several reasons. To begin 
with, discarding the 60-mesh coal gives an unrepresentative sample. 
A small part of the organic sulphur might be carried down with the 
heavy fraction and the iron remaining in the lighter fraction might 
not be entirely combined as pyrites, since some of it may be present 
as iron silicate, for example. Furthermore, proof is lacking at this 
time that the sulphur assumed to be organic is actually so combined. 
Later experiments have proved, however, that this method is fairly 
accurate for organic sulphur, and the data thus obtained show that 
organic sulphur is present in most coal to a much greater extent than 
generally supposed. 


POWELL AND PARR METHOD. 


An accurate analytical method for the systematic analysis of sul- 
phur forms in coal has been developed within recent years by A. R. 
Powell and S. W. Parr.’ This may be described briefly as follows: 
Five-gram samples of the finely divided coal are taken for the sul- 
phate analysis. These are extracted with 3 per cent hydrochloric 
acid at 60° C. for a period of 40 hours. The extract is analyzed for 
iron and sulphur, the sulphur representing the sulphate sulphur pres- 
ent in the coal. 

For the pyrite analysis 1-gram samples are extracted with 80 c. c. 
portions of dilute nitric acid, specific gravity 1.12, for a period of 
24 hours at room temperature. The extract is evaporated to dryness, 
taken up in hydrochloric acid, and analyzed for iron and sulphur. 
This sulphur represents the sulphur as pyrites plus the sulphur as 
sulphate. The latter form has already been determined, so by sub-. 
traction the pyritic sulphur content of the coal is given. This amount 
may then be checked to prove that it is the pyrite sulphur by the fol- 
lowing calculation: The hydrochloric acid soluble iron is subtracted 
from the nitric acid soluble iron, thereby giving the iron combined 
as pyrites. By a simple stoichiometrical calculation the sulphur com- 
bined with the iron is obtained, and this should agree with the sul- 
phur previously determined as pyritic sulphur. In the case of every 
coal tried these two figures checked, showing that the method is accu- 
rate for the pyritic sulphur. 

That the remainder of the coal sulphur is organic is proved as 
follows: Phenol will extract a large quantity of material from coal, 


4Powell, A. R., and Parr, S. W., A study of the forms in which sulphur occurs in coal: 
Bull. 111, Eng. Exp. Station, University of Illinois, 1919, pp. 10-35. 
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this extracted substance having a great influence on coking quality.® 
The phenol soluble material is ashless and, therefore, organic. A 
portion of the coal sulphur is found in this extract, but not enough 
to account for all of the organic sulphur. 

After the coal has been extracted with phenol the residue is treated 
with dilute nitric acid to remove the inorganic sulphur. After nitric 
acid treatment the coal forms a dark colloidal solution with ammonia, 
which may be filtered, leaving on the filter most of the ash and inor- 
ganic matter of the coal. The colloidal material of the filtrate is 
very low in ash, showing that inorganic substances are practically 
absent. This material is found to contain the remainder of the coal 
sulphur, which must be in an organic form, since it occurs in an 
organic fraction of the coal. 

This method of analysis not only determines the inorganic sulphur 
forms directly, but also gives a method of proving that the remainder 
of the sulphur is organic—the first absolute proof that organic sul- 
phur exists in coal in comparatively large quantities. 


DESCRIPTION OF COALS USED IN EXPERIMENTS. 


The coals analyzed by Powell and Parr were gathered principally 
from Illinois fields. It was decided, therefore, to run similar 
analyses of coals from other fields in order to determine the appli- 
cability of this method to coals of other districts. A small number 
of coals only was selected for these experiments, since the detailed 
study required considerable time for analyzing each coal. Further- 
more, it was preferable to get samples which had stood some time 
so that there would be an appreciable amount of sulphate present, 
as in freshly mined coal this form of sulphur is usually very small 
in quantity. The following table gives a detailed description of each 
coal used: 


TABLE 1.—Source of coals used in erperiments, 


Laboratory 
number of State. County. Post office. Mine and bed. | Company operating mine. 
sample. 
23066........] Pennsylvania.| Butler. ..... Chicora. .... Ceres Upper | Cunningham Coal Co. 
reeport. 
18847, . 22 552|.50 do......-.-| Allegheny...) Bruceton....| Experimental,| United States Bureau of 
Pittsburgh. nes. 
20507.......-| West Virginia.| McDowell...| Switchback.| Mine No.7, Poca- | Pocahontas Fuel Co. 
hontas No. 3. 
-| Kentucky.....| Letcher. .... Fleming..... ane No. 301, Elk- se Horn Coal Corpora- 
orn. tion. 
.| Tennessee. Morgan. .... Coalfield . ...) Conger, CoalCreek.| Conger-Baker Co. 
.| Kansas... Cherokee. ... ad Miner- | Katy No.9, Chero- | Mayer Coal Co, 
al. kee. 


5 Parr, S W., and Hadley, H. F., The analysis of coal with phenol as a solvent: Bull. 
76, Eng. Exp. Station, University of Illinois, 1914. 
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TABLE 2.—Prozimate analyses and calorific values of coals used in experiments.’ 


Proximate analysis. Calorific value. 
Laborati 
ge ™ Volatil Fixed 
sample. olatile xe 
Moisture. matter. | carbon. Ash, Sulphur. | Calories.| B.t.u. 
Percent.| Per cent.| Per cent.| Per cent. | Per cent. 
23066..... 33. 11 56. 36 8. 49 1,21 7,450 | 13,410 
18847... 1.57 38. 72 54.95 4.75 1.72 7,901 | 14, 
se oa 39 22. 88 70. 47 6. 25 56 8,133 | 14, 639 
21308. .... 1.65 37.78 56. 57 3.98 71 7,910 | 14,238 
21100..... 74 05 52. 40 80 4.25 7,821 | 14,078 
sateen 1.73 34.90 55.14 8.23 3 , 55: 3, 


1 All samples were in an air-dry condition. 


METHODS USED IN EXPERIMENTS. 


TOTAL SULPHUR. 


Total sulphur determinations were made on each coal by the sodium 
peroxide method as used by Powell and Parr.’ The results obtained 
by this method were very irregular, and investigation revealed that 
blank determinations on the sodium peroxide showed large quanti- 
ties of sulphur which were not constant in amount for different por- 
tions of the same batch. Furthermore, the nickel crucibles were 
attacked by the hot, alkaline fusion to such an extent that some 
nickel was occluded by the barium sulphate in the final precipitation. 

These difficulties led to the adoption of the Eschka method for 
determining sulphur in coal, and this was used not only in the 
determination of total sulphur but also for the sulphur in coal 
residues, throughout the investigation. The percentage of total 
sulphur in the coal as well as the percentage of the different sulphur 
forms is all figured on the basis of the air-dried coal. 


SULPHUR AS SULPHATE. 


The analysis for the sulphate content was performed by the method 
used by Powell and Parr. Five-gram samples of the coal were 
extracted with 300 cubic centimeters of 3 per cent hydrochloric acid 
for 40 hours. The beakers in which the extraction took place were 
kept over a water bath so as to be maintained at a temperature 
of about 60° C. The contents were then filtered and the filtrate. 
analyzed for iron and sulphur. The Zimmermann-Reinhardt potas-. 
slum permanganate titration method was used to determine the 
iron, and the sulphur was determined by the usual barium sulphate 
precipitation. 


* Powell, A. R., and Parr, S. W., Work cited, pp. 10-35. 
20814°—21 2 
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SULPHUR AS PYRITES. 


For the pyrite analysis 1-gram samples of the coal were allowed 
to stand with 80 ¢. ¢. portions of dilute nitric acid, specific gravity 
1.12, for two or three days at room temperature. Twenty-four 
hours is probably sufficient for this extraction, but a longer time 
does no harm. If a shaking machine is available, the extraction 
time may be cut down materially. 

The extract was then filtered off and the nitric acid evaporated 
on the water bath. The residue from this evaporation was taken up 
in hydrochloric acid and the resulting solution analyzed for iron 
and sulphur by the methods described above. 

The iron obtained in the nitric acid extract represented that ex- 
tracted by the hydrochloric acid plus the iron combined as pyrites; 
therefore the pyritic iron could be figured by the difference between 
the two iron determinations. The sulphur in the nitric acid extract 
represented the sulphate sulphur, which had been determined previ- 
ously by hydrochloric acid treatment, plus the sulphur combined as 
pyrites. Moreover, if the dilute nitric acid were taking into solu- 
tion any of the organic sulphur, it would have appeared in this ex- 
tract. The question as to whether any of the organic sulphur was 
being taken into solution by the nitric acid could be answered by 
comparing the percentage of pyritic iron with what was presumably 
the percentage of pyritic sulphur. This latter was obtained by sub- 
tracting the percentage of sulphur as found in the hydrochloric acid 
extract from that in the nitric acid extract. Ifthe pyritic iron and the 
sulphur were in the exact proportions to form FeS,, the nitric acid 
was a selective solvent for pyrites in that particular coal. If the sul- 
phur were in excess, however, the indications would be that the 

‘organic sulphur of that coal was being attacked by the dilute nitric 
acid. It was by these calculations that the accuracy of the method 
for pyritic sulphur was checked. 


SULPHUR IN ORGANIC COMBINATION. 


The amount of sulphur in organic combination was determined 
by much the same means used by Powell and Parr in their previous 
investigation. The phenol soluble type of organic sulphur was 
calculated from the difference between the total sulphur content 
of the coal and the sulphur content of the coal residue after phenol 
extraction. 

The extraction of the coal by phenol was carried on in an oven, 
having a constant temperature of 150° C. Air condensers were so 
arranged that the vaporized phenol would be carried back into the 
extraction flasks. One-half-gram samples of coal and 25 c. ¢. of 
phenol were placed in the flasks, and the extraction allowed to pro- 
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ceed for 20 hours. The contents were then filtered through a porce- 
lain Gooch crucible and thoroughly rinsed with alcohol and ether. 
The entire asbestos mat, with its covering of coal residue, was ground 
up with the Eschka mixture, and the sulphur determination run in 
the usual manner. As stated before, the phenol soluble organic 
sulphur was obtained by difference. The phenol soluble material was 
known to be organic because of its lack of ash. 

The so-called “ humus” type of organic sulphur—that very stable 
portion which is not extracted by phenol—was determined directly 
by a method differing slightly from that of Powell and Parr. The 
residues from the dilute nitric acid extraction, previously described, 
were used for these studies, since all of the inorganic sulphur had 
been removed, and all of the organic sulphur of the coal was present, - 
unless the dilute nitric acid had extracted a little of the organic sul- 
phur. This last possibility would have been determined at the time 
of the nitric acid extraction; thus it can be safely said that all of the 
organic sulphur was present in the nitric acid residue or had been 
accounted for otherwise. In most cases, particularly where only a 
small amount is present, the phenol soluble sulphur will respond to 
the same treatment given the more stable humus organic sulphur; 
therefore the following method was used for the total organic sul- 
phur determination. In the case of only one coal, where the phenol 
soluble sulphur was high, was it necessary first to extract with phe- 
nol, then with dilute nitric acid, to remove the inorganic sulphur, 
and then to finish the analysis for the humus type of organic sulphur 
by itself. 

It was found that the residue from the dilute nitric acid extrac- 
tion did not go into solution in the ammonia readily, hence this 
residue was treated further with concentrated nitric acid. The 
nitric acid was then evaporated off on the water bath, leaving the 
residue in such a condition that it dissolved easily in ammonia. For 
a semibituminous coal from the Pocahontas field, three treatments 
with nitric acid, followed each time by evaporation on the water 
bath, were necessary to digest the coal sufficiently for the alkaline 
solution. 

The residues were then treated with 25 c. c. of concentrated aqua 
ammonia and allowed to stand for some time. They were then fil- - 
tered through an ordinary paper filter, the filtration requiring about 
one week on account of the colloidal nature of the solution. Previous 
research had shown that this alkaline soluble material was almost 
ash free and therefore organic in nature. Most of the ash of the coal 
was left on the filter. 

The dark brown, colloidal solution was evaporated to dryness on 
the water bath and the sulphur in the residue determined by the 
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Eschka method. This, then, gave the total organic sulphur content 
of the coal by a direct procedure, unless the coal had been extracted 
previously with phenol, in which case the above process gave the 
humus type of organic sulphur by itself. 

The above procedure showed whether or not the methods of analy- 
sis for the various forms of sulphur in the coal were accurate, and 
the only question remaining was as to the possible existence of any 
other form of sulphur in the particular coal studied. This was easily 
determined by adding together the percentages of the forms of sul- 
phur for which analyses had been run and observing how this checked 
with the total sulphur of the coal as determined. 


RESULTS OF THE EXPERIMENTS. 


DIRECT DETERMINATION OF SULPHATE AND PYRITES SULPHUR 
AND OF ORGANIC SULPHUR BY DIFFERENCE. 


The first set of experiments was performed with regard to the 
analysis of the sulphate and pyritic forms of the sulphur alone, a de- 
tailed study of the organic sulphur being postponed until later. The 
data from these experiments are given in the following tables: 


Sulphur and iron in coal No. 23066, Upper Freeport bed, Chicora, Pa. 


Constituents. Per cent.| Per cent. 


‘Total sulphur, .as'determlned «isos ccwsys'eds ed pea ole nc eee cs vanevee one Tvdae wSewedes 
Sulphur solublein dilute nitric acid. .... 2.22.2... 220.2222 eee eee ee cee eee eee e eee 
Sulphur soluble in dilute hydrochloric acid...............2...-.22-2-0-005 oeescseee 


Pyritic sulphur, by direct extraction. 0.47 

Tron solublein dilute nitric acid 

Tron soluble in dilute hydrochloric ac 

Pyriticlron, by ditedt extraction. svc yg shstuennecncheccdeasscapeda odse Resnaesedaeens 

Pyritic sulphur, ealoulated frowT LON: ice acca ecieinessSogce Roem he seq eewaNeviages 44 
Difference of pyritic sulphur value from calculation +.03 


The check on the method for pyritic sulphur in this coal is fairly 
close, although a very small quantity of organic sulphur may have 
been taken into solution. 


Sulphur and iron in coal No. 18847, Experimental mine, Bruceton, Pa. 


Constituents. Per cent.| Per cent. 
Total sulphur, as determined........... +72 
Sulphur soluble in dilute nitric acid.... a 02 
Sulphur soluble in dilute hydrochloric acid... ..........2. 020.2220 e cee cece eee eee eee +23 
Pyritic sulphur, by direct extraction............cccecececec cece es nsccenececncreceees 0.79 


Tron soluble in dilute nitric acid........ 
Iron soluble in dilute hydrochloric acid 


Pyriticiron, Dy diteet ox tractign soc. ca a595ases caseeeegeestasa se eae eds ves eee Sas ® 
Pyritic sulphur, calculated from iron..........-.2--.2-eeee nce c ee ceece cee cncees St ateslazese veers -78 


Difference of pyritic sulphur value from calculation...............0.cceeeeeees|eceeencees +.01 
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Sulphur and iron in coal No. 20507, mine No. 7, Switchback, W. Va. 


Constituents. Per cent.| Per cent. 
Total sulphur, as determined.....................22-.22---- ar Sveti eere sat ide essen 0.56 
Sulphur solubje in dilute nitric acid. .....2.2.2.2.2ILIIIIIIIIIIIIIIIII, -09 
Sulphur soluble in dilute hydrochloric acid 
Pyritic sulphur, by direct extraction... 0.08 
Iron soluble in dilute nitric acid....... 
Tron soluble in dilute hydrochloric acid.. 
Pyriticiron, by direct extraction.............22... 2-02 cece eee eee cece cece eee e eens -08 
Pyritic sulphur, calculated from iron..............2.0 202-22 e eee eee ee eee teen eel ee eee cence -09 
Difference of pyritic sulphur value from calculation................-.------2+-|--e2eeeee —.01 
Sulphur and iron in coal No. 21308, Mine 301, Fleming, Ky. 
Constituents. Per cent.| Per cent. 
0.71 
he 
04 
Pyritic sulphur, by direct extraction ........0.....2cee eee e ccc ee cece cece ceeenceeetcee|eoeecennes 0.18 
Tron soluble in dilute nitric acid... 2.2.0... ccc cee e eee cece eee eee eee cece teen ence ae +82 
Tron soluble in dilute hydrochloric acid........-.--..02222-00eeeeeeeeeeee ners Sal .20 
Pyritic iron, by direct extraction........ 
Pyritic sulphur, calculated from iron.... fs 14 
Difference of pyritic sulphur value from calculation.............-.----2-0---2-)-eeeeeeee —.01 


Sulphur and iron in coal No. 21100, Conger mine, Coalfield, Tenn. (first run). 


Constituents. 


Total sulphur, as determined............. 02.022 ee cece ee cece cece cece eee eee n eee eneees 
Sulphur soluble in dilute nitric acid................ aon 
Sulphur soluble in dilute hydrochloric acid 


Pyritic sulphur, by direct extraction 
Tron soluble in dilute nitric acid........... 
Tron soluble in dilute hydrochloric acid 


Pyriticiron, by direct extraction..............22-22ceeee cece eee e cece eee ee eee eeeeees ; 
Pyritic sulphur, Calculated from IPON ss sacaces sess asec cesses cers eeas sate sd cecises oedslaeegeicosee 


Difference of pyritic sulphur value from calculation 


These results seemed to indicate that the organic sulphur was being 
attacked to some extent by the dilute nitric acid. In order to avoid 
this, a run was made in which the time of extraction was carefully 
limited to 24 hours only. Despite this change in the procedure, 
similar results were obtained, showing that this particular coal con- 
tained a small quantity of organic sulphur, which was easily oxidized 
and taken into solution. 

The form of coal sulphur which is most likely to react in this 
manner is that part of the organic sulphur soluble in phenol, since 
the phenol insoluble organic sulphur compounds are very stable; 
therefore, samples of the coal were first extracted with phenol, in 
order to dispose of these less stable organic sulphur compounds, and 
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the residue extracted with dilute nitric acid as before. The results 
are given below: 


Sulphur and iron in coal No. 21100, Conger mine, Coalfield, Tenn. (final run). 


Percent. | Percent. 


Constituents. 


Pyritic sulphur, by Girect Gkfacthel co siosecesecasnnessecncoasedeasaenecceacsssscasshecosesases 1.75 

Tron soluble in dilite nitrle atid..<not-..sescccoccocecccececcecececceceeccee 

Tron soluble in dilute hydrochloric acid............--22-¢s0-2eeee cece ee cece eeeee eens 

Pyritic iron, by direct extraction...... 

Pyritic sulphur, calculated from iron... 1.76 
Difference of pyritic sulphur value from calculation. ........-..-.-..-++22-e---[e-- eee eee —.0L 


This run showed that some of the organic sulphur had been taken 
into solution by the dilute nitric acid, demonstrating clearly the 
necessity for check determinations on the iron content of nitric acid 
extracts of coal. 


Sulphur and iron in coal No. 27224, Mayer No. 9 mine, Carona, Kans. 


Constituents. Per cent. |} Per cent. 


Total sulphur, as determined........ 2.22... 2222-22 e eee eee cee ee ee eee eee eee cee ees 
Sulphur soluble in dilute nitric acid...........-..... 

Sulphur soluble in dilute hydrochloric acid 
Pyritic sulphur, by direct extraction.... 
Iron soluble in dilute nitric acid....... 
Tron soluble in dilute hydrochloric acid.. 


Pyritic iron, by direct extraction.........-....--.2222--.000-- sas . 
Pyritic sulphur, calculated from iron........-..-.--+---+-s2-0+csecreescrecscsssses[eceeeecees 


Difference of pyritic sulphur value from calculation 


It will be noticed that the analytical results for pyritic sulphur 
in all six of the coals tested check to within a reasonable experi- 
mental error. The summarized results of these analyses for sulphur 
forms in the coals are given in the following table. It is to be noted 
that the organic sulphur values are obtained by difference, as they 
would be in actual laboratory practice. 


TABLE 3.—Summary of direct analyses for sulphur forms in coal.’ 


Coal samples. 
Total. | Pyritic. |Sulphate.) Organic. 
Laboratory number. Source (State). 

1,21 9,47 0.07 0.67 

1.72 -79 23 0- 

56 -08 01 47 

71 -13 04 4 

4.25 1.75 -71 1.79 

3.06 1.99 32 15 


1 Values given in per cents, air-dry basis. 
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Freshly mined coal seldom contains any appreciable amount of sul- 
phates. The comparatively large percentages shown in the above 
coals are due to the fact that all had stood in the sample room for 
several years before the experiments were performed. Since this 
investigation endeavored to verify the method of analysis rather than 
to indicate the nature of any set of coals, this aging of the coals was 
a decided advantage, in that it gave an appreciable amount of the 
sulphate form. 


DIRECT DETERMINATION OF ORGANIC SULPHUR FORMS. 


It was now necessary to prove by actual experiment that the sul- 
phur assumed to be organically combined was entirely in this form. 
The results on the phenol soluble type of organic sulphur were as 
follows: 


Phenol soluble organic sulphur in coals. 


Coal samples. 


Laborator: 


number. Source (State). 


The results for the other type of organic coal sulphur, the so-called 
humus organic sulphur, are given below. This is the sulphur exist- 
ing in compounds insoluble in phenol, very stable, and taken into 
solution only by treatment with concentrated nitric acid, followed by 
extraction with strong aqua ammonia. Except in the case of the 
Tennessee coal, the figures below were obtained by subtracting the 
phenol soluble sulphur from the total organic sulphur. As men- 
tioned previously, the Tennessee coal was first extracted with phenol ; 
hence, the final ammonia soluble fraction contained only the humus 
type of organic sulphur, which was thus given directly. 


“ Humus” type of organic sulphur in coals. 


Coal samples. | 


Per cent. 
Laboratory 
number. 


Source (State). 
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SUMMARY OF ANALYTICAL RESULTS. 


The following table gives in condensed form the results of the 
analyses for the various forms of sulphur and a comparison of the 
total of these with the total sulphur of the coal: 


TABLE 4+.—Summary of all analyses for sulphur forms in coal. 


Coal samples. 
Sulphur forms. | 
No, 23066] No. 18847] No. 20507] No, 21308} No, 21100] No. 27224 
(Pa.). (Pa.). |(W.Va.).| (Ky.). | (Tenn.). | (K-ans.). 
Pyritic sulphur. ...........2-....sccsee0e- Fi 0.79 


Sulphate Shas aman aietoiala)e 
Humus organic sulphur. ...... 
Phenol soluble organic sulphur 
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pag durig Ticks Sees easengierere 1.68 
Total by direct analysis............- 1.72 
Difference between totals 04 


It is evident from this table that the sum of the several analyses 
checks very closely with the total sulphur content of each coal. 
There can be no doubt, therefore, but that all the sulphur of these 
coals has been accounted for in the four forms—namely, pyritic, 
sulphate, phenol soluble organic sulphur, and phenol insoluble organic 
or humus sulphur. 

A graphic representation of the results of these depenmnents is 
given in figure 1. This shows the relative quantities of the various 
sulphur forms in the coals, a comparison with total sulphur, and a 
comparison of the pyritic sulphur as obtained with the pyritic sul- 
phur as calculated from the pyritic iron. 


METHODS FOR THE ANALYSIS OF SULPHUR FORMS IN COAL. 


For laboratory practice the following methods are suggested for 
the analysis of the sulphur forms in coal. These methods are essen- 
tially those suggested earlier by Powell and Parr, but a few changes 
are introduced, which, it is hoped, will make the process better 
adapted to commercial laboratory routine. 

Three methods of analysis are given. The first is to be used where 
only the sulphate, pyritic, and total organic sulphur are desired. 
The second is to be used where the two forms of organic sulphur are 
to be determined separately. The third is the method which has 
been followed in the present investigation—a complete, direct analy- 
sis of every sulphur form and a basic check on the method of analysis. 
This latter method would find use only where a coal from a new field 
was being studied. 
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16 ANALYSIS OF SULPHUR FORMS IN COAL. 


A.—RAPID METHOD FOR SULPHATE, PYRITES, AND TOTAL 
ORGANIC SULPHUR. 


Crush the air-dried coal so that it will pass completely through a 
100-mesh screen. Weigh out a 5-gram sample and place it in a 
500-c. c. beaker. Cover this carefully with 300 c¢. c. of 3 per cent 
hydrochloric acid, stir thoroughly, and place a watch glass on the 
beaker. Put this beaker on top of a water bath or some other warm 
place where it can digest at about 60° C. 

At the end of 40 hours filter the contents of the beaker, discard- 
ing the coal material left on the filter. Add 2 c. c. of bromine water 
and heat almost to boiling. Pour this acid solution into an excess 
of ammonia and stir to coagulate the ferric hydroxide. Filter off 
this iron precipitate, retaining it for the iron determination later. 
Make the filtrate barely acid with hydrochloric acid, heat to boiling, 
and add slowly, with stirring, 10 c. c. of 10 per cent barium chloride. 
Allow this to stand for several hours, then filter it. Ignite the filter 
paper and weigh the precipitate of barium sulphate. The weight 
of barium sulphate, in grams, multiplied by 2.75, represents the per- 
centage of sulphur, combined as sulphate, in the coal. 

Dissolve the precipitate of ferric hydroxide off the filter with 
concentrated hydrochloric acid. Heat this acid solution to boiling 
and then add drop by drop, until colorless, a solution of stannous 
chloride (50 grams of stannous chloride and 100 c. c. of concentrated 
hydrochloric acid, diluted to 1 liter). Allow the solution to cool; 
then add 25 c. c. of a saturated solution of mercuric chloride, stirring 
thoroughly. Now dilute the contents of the beaker to 500 c. c. and 
add 20 c. c. of manganese sulphate solution (67 grams of crystallized 
manganous sulphate, 138 c. c. of phosphoric acid, specific gravity 1.7, 
and 130 ¢. c. of concentrated sulphuric acid, made up to 1 liter of 
solution). Titrate this solution with N/50 potassium permanganate 
to the faintest noticeable pink color. The number of cubic centi- 
meters of N/50 potassium permanganate used, multiplied by 0.0223, 
gives the percentage of hydrochloric-acid soluble iron in the coal. 

Now weigh out a 1-gram sample of the coal and place it in a 150 
c. c. beaker. Cover it with 80 c. c. of dilute nitric acid (1 part of 
nitric acid, specific gravity 1.42, to 3 parts of water; specific gravity 
of mixture, 1.12). Allow this to stand for 24 hours, with occasional 
stirring, and filter. Discard the coal residue on the filter. Add 2 
ce. c. of concentrated hydrochloric acid to the filtrate and evaporate 
to dryness on the water bath. Dissolve the residue in 25 c. c. of water 
and 5 ¢. c. of concentrated hydrochloric acid. Pour this acid solution 
into an excess of hot, dilute ammonia. From this point the analysis 
is the same as that for the hydrochloric-acid soluble iron and sulphur. 
The weight of barium sulphate, in grams, multiplied by 13.75, rep- 
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resents the percentage of sulphur, both pyritic and sulphate, in the 
coal. The number of cubic centimeters of N/50 potassium perman- 
ganate used multiplied by 0.1115 gives the percentage of iron, both 
pyritic and acid soluble, in the coal. 

Figure the percentage of pyritic sulphur in the coal by subtract- 
ing from the percentage of sulphur obtained the percentage of sul- 
phate sulphur. Also, as a check, subtract from the percentage of 
iron obtained the percentage of hydrochloric-acid soluble iron, 
multiply the result by 1.145, and note how it compares with the per- 
centage of pyritic sulphur. If this calculated percentage is lower 
than that obtained directly, the calculated value should be considered 
the correct one. In fact, it would seem safe, for rapid analytical 
work, to calculate the pyritic sulphur from the iron in every case. 
This method of procedure would eliminate the sulphur determination 
on the nitric-acid extract, thereby saving considerable analytical 
work. 

Commercial laboratories would probably find a saving of time for 
acid extractions if some type of shaking device were used. By this 
the time of extraction could probably be cut down to an hour for the 
nitric acid. 

Calculate the total organic sulphur of the coal by adding the per- 
centages of sulphate and pyritic sulphur and subtracting this from 
the per cent of total sulphur in the coal. The investigation has 
shown that this sulphur may safely be considered organic. 


2 e 
B.—METHOD FOR SULPHATE, PYRITES, AND TWO FORMS OF 
ORGANIC SULPHUR. 


This method involves exactly the same procedure as method A, 
but another determination is added. Weigh 1 gram of the coal into 
a 50-c. c. Erlenmeyer flask. This should be fitted with a cork 
stopper, through which is inserted a straight glass tube about 2 feet 
long. Twenty-five c. c. of melted phenol is then poured into the 
flask, the stopper with the glass tube inserted, and the flask placed 
in an electric oven that maintains a temperature of 150° C. The 
glass tube should be so arranged that it protrudes from the oven into 
the room in order that it may act as a condenser for the phenol 
vapors. 

At the end of 20 hours the flask is removed and the contents filtered, 
while hot, through a Gooch crucible. The residue is completely 
washed out of the flask into the crucible with alcohol and the washing 
with alcohol is continued until the alcohol runs through colorless. 
The residue is then washed with a small amount of ether and placed 
in an oven to dry. The residue, together with the asbestos mat, is 
completely removed from the crucible and ground in a mortar with 
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twice its volume of Eschka mixture (1 part of sodium carbonate and 
2 parts of calcined magnesia). This mixture is then placed in a porce- 
lain crucible, covered with more of the Eschka mixture, and heated 
to a low red heat in a muffle or over a sulphur-free flame. After com- 
plete combustion of the coal residue the contents of the crucible are 
dissolved in hydrochloric acid, to which a little bromine water has 
been added. This solution is filtered and made alkaline with am- 
monia, then acidified slightly with hydrochloric acid. The sulphur 
is precipitated and determined as in method A. After the blank due 
to the Eschka mixture is subtracted the weight of barium sulphate, 
in grams, multiplied by 13.75 represents the percentage of sulphur 
insoluble in phenol. The percentage of phenol soluble organic sul- 
phur is calculated by subtracting this from the per cent of total sul- 
phur. The percentage of humus organic sulphur is calculated by sub- 
tracting the phenol soluble sulphur from the total organic sulphur. 


C.—DETAILED METHOD FOR DIRECT DETERMINATION AND 
STUDY OF ALL SULPHUR FORMS IN COAL. 


This involves the same procedure used in method B, but an extra 
determination is required. It is a direct estimation of the total 
organic sulphur, which in the other methods was found by difference. 
Take the residue from the dilute nitric acid extraction, including the 
filter paper, and place it in a small beaker. Cover this with con- 
centrated nitric acid and place on a water bath to digest, leaving it 
there until the nitric acid has entirely“evaporated. In the case of 
coals tending toward the semibituminous character, the treatment 
should be repeated several times. 

Pour over the dry residue 25 c. c. of concentrated ammonia and stir 
thoroughly. Dilute somewhat and filter the solution through an 
ordinary filter paper. This filtration will probably require several 
days. Evaporate the dark brown filtrate to dryness on the water 
bath and remove the residue with a spatula. Grind this with the 
Eschka mixture, as described under method B, and determine the 
sulphur in the same manner. After substracting the blank due to 
the Eschka mixture, the weight of barium sulphate, in grams, multi- 
plied by 13.75, represents the percentage of total organic sulphur in 
the coal. If the coal is normal, this percentage should check fairly 
close to the percentage of total organic sulphur obtained by 
difference. 

CONCLUSIONS. 


1. The method of Powell and Parr gives correct and accurate 
results for the analysis of sulphur forms in coal, as proved by 
experiments on a variety of coals from different fields. Detailed 
laboratory procedure methods are given in this paper. 
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2. Dilute nitric acid will extract small amounts of organic sulphur 
from certain coals. The organic sulphur extracted is the unstable 
phenol soluble form. In order to avoid this error in laboratory 
determinations, it is recommended that the pyritic sulphur be cal- 
culated from the pyritic iron value. 

3. The acid extractions of the coal can probably be materially 
shortened by using a shaking machine. 

4, The dilute nitric acid not only extracts the pyrites quantitatively 
but also the same iron and sulphur taken into solution by dilute 
hydrochloric acid. For this reason samples intended for dilute 
nitric-acid extraction do not need to be extracted first with hydro- 
chloric acid. 

5. Semibituminous coals and the harder varieties of bituminous 
coals must be digested for a long time with concentrated nitric acid 
before the organic matter will become completely soluble in ammonia. 

6. The Eschka method is preferable to the sodium peroxide method 
for the analysis of the sulphur in the coal and the coal residues 
unless the sodium peroxide used has a low and constant sulphur 
content. 
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PUBLICATIONS ON THE COMPOSITION OF COAL AND LIGNITE. 


A limited supply of the following publications of the Bureau of 
Mines has been printed and is available for free distribution until 
the edition is exhausted. Requests for all publications can not be 
granted, and to insure equitable distribution applicants are requested 
to limit their selection to publications that may be of special in- 
terest to them. Requests for publications should be addressed to the 
Director, Bureau of Mines. 

The Bureau of Mines issues a list showing all its publications avail- 
able for free distribution as well as those obtainable only from the 
Superintendent of Documents, Government Printing Office, on pay- 
ment of the price of printing. Interested persons should apply to 
the Director, Bureau of Mines, for a copy of the latest list. 


PUBLICATIONS AVAILABLE FOR FREE DISTRIBUTION. 


BULLETIN 76. United States coals available for export trade, by Van. H. Man- 
ning. 1914. 15 pp., 1 pl. 

BULLETIN 116. Methods of sampling delivered coal, and specifications for the 
purchase of coal for the Government, by G. S. Pope. 1916. 64 pp., 5 pls., 2 figs. 

BULLETIN 117. Structure in Paleozoic bituminous coals, by Reinhardt Thiessen. 
1920. 296 pp., 160 pls. 

BULLETIN 123. Analyses of mine and car samples of coal collected in the fiscal 
years 1913 to 1916, by A. C. Fieldner, H. I. Smith, J. W. Paul, and Samuel San- 
ford. 1918. 478 pp., 2 figs. 

BULLETIN 129, The fusibility of coal ash and the determination of the soften- 
ing temperature, by A. C. Fieldner, A. E. Hall, and A. L. Feild. 1918. 146 pp. 
4 pls., 38 figs. 

BULLETIN 135. Combustion of coal and design of furnaces, by Henry Kreisin- 
ger, C. E. Augustine, and F. K. Ovitz. 1917. 144 pp., 1 pl., 45 figs. 

BULLETIN 136. Deterioration in the heating value of coal during storage, by 
H. C. Porter and F. K. Ovitz. 1917. 38 pp., 7 pls. 

TECHNICAL Paper 2. The escape of gas from coal, by H. C. Porter and F. K. 
Ovitz. 1911. 38 pp., 7 pls. 

TECHNICAL Paper 5. Constituents of coal soluble in phenol, by J. C. W. Frazer 
and E. J. Hoffman. 1912. 20 pp., 1 pl. 

TECHNICAL Paper 50. Metallurgical coke, by A. W. Belden. 1913. 48 pp., 1 
pl. 23 figs. 

TECHNICAL Paper 8. Methods of analyzing coal and coke, by F. M. Stanton 
and A. C. Fieldner. 19138. 42 pp., 12 figs. 

TECHNICAL Paper 16. Deterioration and spontaneous heating of coal in stor- 
age, a preliminary report, by H. C. Porter and F, K. Ovitz, 1912. 14 pp. 
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TECHNICAL PAPER 133. Directions for sampling coal for shipment or delivery, 
by G. S. Pope. 1917. 15 pp., 1 pl. 

TECHNICAL Paper 170. The diffusion of oxygen through stored coal, by S. H. 
Katz. 1917. 49 pp., 1 pl. 27 figs. 

TECHNICAL Paper 184. Weights of various coals, by 8S. B. Flagg. 1918. 14 pp. 

TECHNICAL PAPER 188. Momentary heating of inflammable dusts, by G. B. 
Taylor, E. C. White, and H. C. Porter. 1918. (In preparation.) 

TECHNICAL Paper 197. Use of the hydrogen-volatile-matter ratio in obtaining 
the net heating value of American coals, by A. C. Fieldner and W. A. Selvig. 
1918. 138 pp., 4 figs. 


PUBLICATIONS THAT MAY BE OBTAINED ONLY THROUGH THE SUPERIN- 
TENDENT OF DOCUMENTS. 


BULLETIN 1. The volatile matter in coal, by H. C. Porter and F. K. Ovitz. 
1910. 56 pp., 1 pl., 9 figs. 

BULLETIN 22. Analyses of coals in the United States, with descriptions of 
mine and field samples collected between July 1, 1904, and June 30, 1910, by 
N. W. Lord, with chapters by J. A. Holmes, F. M. Stanton, A. C. Fieldner, and 
Samuel Sanford. 1912. Part I, Analyses, pp. 1-321; Part II, Description of 
samples, pp. 322-1129. 85 cents. 5 

BULLETIN 29. The effect of oxygen in coal by David White. 1912. 80 pp., 
3 pls. 

BULLETIN 38. The origin of coal, by David White and Reinhardt Thiessen, 
with a chapter on the origin of peat, by C. A. Davis. 1913. 390 pp., 54 pls. 

Butietin 41. Government coal purchases under specifications, with analyses, 
for the fiscal year 1909-10, by C. S. Pope, with a chapter on fuel-inspection 
laboratory of the Bureau of Mines, by J. D. Davis. 1912. 97 pp., 3 pls., 9 figs. 
15 cents. 

Buiietin 85. Analyses of mine and car samples of coal collected in the fiscal 
years 1911 to 1913, by A. C. Fieldner, H. I. Smith, A. H. Fay, and Samuel San- 
ford. 1914. 444 pp., 2 figs. 45 cents. 

BuLietTiIn 89. Economic methods of utilizing western lignite, by E. J. Bab- 
cock. 1915. 74 pp., 5 pls., 5 figs. 15 cents. 

TECHNICAL Paper 93. Graphic studies of ultimate analyses of coals by O. C. 
Ralston. 1918. 41 pp., 3 pls., 6 figs. 

BuLieETIN 119. Analyses of coals purchased by the Government during the 
fiscal years 1908-1915, by G. S. Pope. 1916. 118 pp. 15 cents. 

BULLETIN 188. Coking of Illinois coals, by F. K. Ovitz. 1917. 71 pp., 11 pls., 
1 fig. 20 cents. 

TECHNICAL Paper 65. A study of the oxidation of coal, by H. ©. Porter. 
1914. 30 pp., 12 figs. 5 cents. 

TECHNICAL PAPER 76. Notes on the sampling and analysis of coal, by A. C. 
Fieldner. 1914. 59 pp., 6 figs. 10 cents. 

TECHNICAL Paper 98. Effect of low-temperature oxidation on the hydrogen 
in coal and the change of weight of coal in drying, by S. H. Katz and H. ©. 
Porter, 1917. 16 pp., 2 figs. 5 cents. 

TECHNICAL Paper 172. Effects of moisture on the spontaneous heating of 
Stored coal, by S. H. Katz and H. C. Porter. 1917. 25 pp.,1pl., 8 figs. 5 cents. 

TECHNICAL PAPER 183. New views of the combustion of the volatile matter in 
coal, by S. H, Katz. 1918. 15 pp., 1 fig. 5 cents. 

TECHNICAL Paper 195. Tars from firing bituminous coal, by S. H. Katz. 
1918. 20 pp., 2 pls., 8 figs. 5 cents. 
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